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Introduction
Nanopores are pores with a diameter in the range of nanometers. Channels of this size can be now manufactured artificially. There is great scientific interest in nanopores due to their importance and possible applications [1, 2] . Artificial nanopores can be used to imitate some of the functions of biological nanopores. They also have interesting applications in the field of nanofluidics [3] . Among these applications are desalination, ion sieves [4] , sensors for biological agents and sequencing of DNA or RNA [5] .
Various shapes of artificial nanopores have been developed with the use of various manufacturing techniques, such as ion-track-etching, laser, electron beam technologies, anodic oxidation method etc. [6] . There are five types of nanochannels: cylindrical, hourglass, cigar-like, bullet-like and conical [7] .
Various types of nanopores and nanochannels have attracted significant interest in recent years. We focus our attention on conducting nanopores. For example, such nanopores can be manufactured by integrating carbon structures into a proper nanoporous material. Multi wall carbon nanotube can be fabricated inside the pore and at the surface of anodic aluminum oxide membrane by chemical vapor deposition method [8] . Aligned metallic single walled carbon nanotubes were grown on a silicon wafer by chemical vapour deposition [9] . Synthesis of conducting carbon tubules inside the pore of anodic aluminum oxide membrane was considered [10] . These structures may be of interest in terms of fabricating electrically-switchable permselective membranes.
The purpose of this paper is to present simple model of a conducting nanopore. For the sake of simplicity cylindrical nanopore is considered. This model is intended for use in fundamen-tal studies of transport phenomena of charged particles (ions and charged protein residues) in conducting nanopores.
In Section 2 of the paper we briefly consider problem formulation in the context of continuum electrostatics. A simple model of conducting nanopore that does not require solution of the Poisson equation for the potential is presented in Section 3. In Section 4 we verify the accuracy of the proposed model by calculating the self-capacitance of conducting cylindrical shell and comparing it with the reference data. Simulation of interaction of singly charged ions with some conducting nanopore is presented in Section 5. In section 6 we summarize our results and make some conclusions.
Problem formulation
Let us consider a membrane with a nanopore. The membrane is modeled as a uniform dielectric slab of width L located between z = 0 and z = L. A nanopore is a cylindrical hole of radius a and length L. It is convenient to set up a cylindrical coordinate system (z, ρ, θ) with the origin located on the symmetry axis of the nanopore at z = 0.
Consider the ion transport problem in the context of continuum electrostatic model. Suppose that an ion is located at an arbitrary position r * . The electrostatic potential φ(z, ρ, θ) inside and outside the nanopore satisfies the Poisson equation
where ∆ is the Laplace operator, q n is the ion charge, N is the number of ions, δ(.) is the Dirac delta function. Equation (1) should be solved over all space except the domain {0 z L, ρ > a} with the following boundary conditions:
3) normal to the surface of dielectric components of electric displacement field are continuous, where u is the specified voltage. Considering the transport phenomena of charged particles, we are interested in the force acting on an ion from the conducting nanopore that is expressed as f = −q∇(φ(r * )).
Solution of equation (1) with the specified boundary conditions presents a difficult problem. The problem becomes even more complicated if we consider other nanopore shapes than cylindrical shape. Next we present a simple and universal model of conducting nanopore that does not require solution of the Poisson equation for the potential.
Mathematical model of conducting nanopore
Let us approximate the electric field from the nanopore surface charge with the electric field from fictitious point charges distributed on the surface of the nanopore. The fictitious charges are positioned in specified locations on the nanopore surface. Values of these charges are determined from the potential specified at charge locations. Fictitious point charges g k , k = 1, . . . , K, are located at points r k . Then potential at the point r n , n = 1,
where q m is the charge of external charged particle, and r c,m is the position of external charged particle, m = 1, . . . , M . Vector of fictitious point charges g = (g 1 , . . . , g K ) satisfies the system of linear equations
where
Matrix A is nonsingular matrix (see Appendix for proof).
The electric field of a charged particle approaching a conducting surface causes redistribution of surface electrons in a region closest to the charged particle, in order to screen the field induced by the charged particle. When the distance between charged particle and the nanopore surface is comparable with the average distance between fictitious point charges g k one can introduce additional fictitious point charges p = (p 1 , . . . , p J ). They are located on the nanopore surface at points r p,l , l = 1, . . . , J , where J is the number of charged particles that are close to the nanopore surface. Points r p,l are determined from the normal projection of coordinates of corresponding charged particles r c,m on the nanopore surface. Additional fictitious charge p l is introduced only when
Then instead of system (2) we have the following system
where g * is the adjustment to main fictitious charges, and matrix S and vector d are
From the first equation of system (3) we obtain
Upon substituting this relation into the second equation of system (3), we obtain the system of linear equations for additional fictitious charges (
Upon solving system (4), we determine main fictitious charges
Validation of the model
To verify the accuracy of the proposed model we calculate the self-capacitance of conducting cylindrical shell of radius aand length L, and compare it with the reference data [11] . Then b = ue, e = (1, . . . , 1) in system (2), and capacitance is
Let us position fictitious charges at points (z n , a, θ m ), where 
Interaction of ions with a conducting nanopore
If ion approaches a conducting nanopore its energy of interaction with the nanopore at the point r is given by
where q ion is the charge of ion. Electric field produced by the nanopore at the point r is
Then the force acting on an ion from the conducting nanopore at a point r is f (r) = q ion E(r). Let us consider conducting cylindrical nanopore of radius a = 20Å located between z = 0 and z = L = 200Å, and apply the proposed model to simulate interaction of ions with the nanopore. Let us calculate energy of interaction (9) and electric field (10) at the location of an ion for positive and negative singly charged ions in vacuum (ε = 1) and in water (ε = 80). We suppose that ions move along the nanopore axis.
Fictitious charges are positioned at points (z n , a, θ m ) that are given in (8) and N = 50. The nanopore is set at an electric potential of 1 V .
Results of computations are shown in Figs. 1 and 2 .
Conclusions
A simple model of a conducting nanopore is presented in this paper. The proposed model takes into account polarization of a conducting nanopore due to electric field produced by a charged particle. The model is intended for use in the method of molecular dynamics simulations. This computational method is based on Newton's second law. Knowing the force on each atom, integration of the equations of motion yields a trajectory that describes the positions, velocities and accelerations of the particles as they vary with time. If additional fictitious charges are not introduced then to determine the force acting on a charged particle from a conducting nanopore one need first to solve system of equations (2) (2) depends on time so matrix of the system can be factorized into a product of matricesof special types only once. Then these matrices are used to efficiently solve system (2) at each instant of time. If additional fictitious charges are introduced then one can compute the inverse matrix of system (2) only once and use it in subsequent calculations. In this case to determine the force acting on a charged particle from a conducting nanopore one need first to solve systems (2), (5) and to use relation (6) at each instant of time. Matrix of system (5) varies with time so the system can not be solved efficiently. However, taking into account condition (3), the size of this matrix in many cases will be relatively small.
The proposed model can be easily applied to an arbitrary shape nanopore.
